The grasslands in arid and semi-arid regions rely heavily on the use of rain, thus, improving rain use efficiency (RUE) is essential for securing sustainable development of grassland ecosystems in these areas with limited rainfall. In this study, the spatial and temporal variabilities of RUE for grassland ecosystems over Northwestern China during 1982-2013 were analyzed using the normalized difference vegetation index (NDVI) and precipitation data. Results showed that: (1) Although grassland area has decreased gradually over the past 30 years, the NDVI in most areas showed that the vegetation was gradually restored; (2) The trends of RUE increased in the east of Northwestern China and decreased in the west of Northwestern China. However, the trends of RUE for the high-coverage grasslands (vs. low-coverage grassland) increased (decreased) significantly over the past 30 years. (3) The RUE for the grasslands was positively correlated with air temperature, while it was negatively correlated with the change of annual mean precipitation in northwestern China. Moreover, the obvious RUE increasing trends were found in the vegetation restoration areas, while the RUE decreasing trends appeared in the vegetation degradation areas. This study will be helpful for understanding the impacts of climate change on securing the sustainable development of grassland ecosystems in arid and semi-arid regions.
Introduction
Vegetation is an important part of a terrestrial ecosystem and plays an important role in global climate change [1, 2] . The normalized difference vegetation index (NDVI) is a simple graphical indicator to monitor the change in vegetation by using remote sensing measurements [3] . It has been widely used in such large-scale vegetation dynamic monitoring such as global or continental studies. For example, Eastman et al. [4] used the seasonal trend analysis (STA) procedure to determine that over half (56.30%) of land surfaces were found to exhibit significant trends, and the NDVI in the green season was balanced by decreases in the brown season. These areas were found primarily in grassland and shrubland regions. Laidler et al. [5] explored the relationship between the NDVI and percent-vegetation covers in a tundra environment, where variations in soil moisture, exposed soil, and gravel till have significant influence on spectral response, and hence, on the characterization of vegetation communities. Suzuki et al. [6] using 5-year (1987-1991) monthly means analyzed the NDVI distribution and its seasonal cycle to investigate it in relation to temperature and precipitation over Siberia and its surrounding regions. It was found that the vegetation degeneration is serious in many areas, for example, Ma et al. [7] reported that the NDVI decreased in the whole Northwest of China, and the vegetation degeneration was serious during the period 1990-1999. Ma et al. [8] also found that vegetation coverage degenerated seriously in most parts of Northwestern China during the period 1981-2001. However, some research has reported that the NDVI had an increasing trend in other areas, for example, Zhou et al. [9] founded that the NDVI increased in the Heihe River basin from 1999 to 2007 .
Some studies have revealed that climate change and human activities might be the main driving factor affecting NDVI [10] [11] [12] [13] . However, moisture might be one of the main factors determining the composition, distribution, and growth status of vegetation in arid and semi-arid regions [14] . The water use efficiency (WUE, ratio of carbon assimilated to water transpired) of vegetation plays an important role in determining the exchange of water between ecosystems and the atmosphere, and thus, affects the global water cycle. It also shapes the water-energy balance of ecosystems as a decrease in water fluxes may lead to an increase in surface temperature [15] . For example, Chen et al. [16] showed that the temperate Eurasian steppe WUE was on the rise in the middle part of the Eurasian continent, but that the grassland was recovering cannot be concluded due to climate changes during the period from 1999-2008. Precipitation is an essential factor in controlling biodiversity and ecosystem functioning of terrestrial biomes, especially for arid and semiarid ecosystems [17] . Rain use efficiency (RUE) is defined as the amount of biomass produced per unit of precipitation and is the key indicator for measuring the response of plant production to precipitation [18] . The RUE provides a useful index for improved understanding of the relationship between precipitation and vegetation productivity, as well as for evaluating the degradation of grasslands [14, [17] [18] [19] . For example, Sahnoun et al. [20] using Modis level 2 G data estimated RUE and determined environmental changes along a spatial gradient of arid lands in Southern Tunisia, and they found that this methodology provided a way to monitor changes in resilience induced by land-use in this arid region, as well as support detection of future desertification. Being the best indicator of vegetation cover change, RUE change has received wide attention from scientists.
Many studies of RUE in different regions have shown that RUE is affected by many factors such as temperature and precipitation [19, 21, 22] . For example, Hountondji [23] revealed the changes of RUE in the ongoing desertification process of West Africa and they found that the RUE over 49.5% of the Sahel region was stable, while the area under 38% declined and only 1.3% showed an upward trend during the years between 1982 to 1999. Webb et al. [24] reported that plant cover affects RUE through alterations in evapotranspiration rate: greater plant cover values lead to greater RUE. Gamoun [25] found that RUE tended to be higher during dry years and lower during wet years on Helianthemum kahiricum (loamy soils) in the desert rangelands of Tunisia. Mi et al. [26] also reported that RUE is positively (negatively) correlated with temperature (precipitation) in the Qinghai-Tibetan grassland. Wang [27] found that RUE has significant differences for the different vegetation cover types in the Tao River basin, and that RUE was negatively correlated with precipitation. Zhang et al. [28] analyzed the temporal and spatial variation of RUE in the Yellow River basin from 1998 to 2012, and they found that similar trends can be found for the NDVI and RUE in these areas. Kundu et al. [29] found that the regression slope of RUE mainly depends upon the dynamic condition of integrated NDVI and rainfall, and RUE has been used for monitoring vegetation degradation, and substantially, the process of desertification in western Rajasthan. Huxman et al. [30] reported that for vegetation RUE showed a downward trend as annual precipitation gradually increased from desert to steppe to forest. Paruelo et al. [31] found that RUE first rises and then falls, and peaks in areas with precipitation of 475 mm/a based on the study of 11 temperate grassland ecosystems around the world. Sala et al. [17] thought that the RUE is the most important factor in controlling production by analyzing the data collected at 9500 locations across the central United States. Wessels et al. [32] used net primary productivity (NPP), RUE and Local NPP Scaling (LNS) to successfully detect the degraded areas in the Northern Provinces of South Africa as an indicator of land status.
Due to geographical location and climatic conditions, the type of vegetation is dominated by grassland in Northwestern China [33, 34] . The degradation/restoration of grassland in Northwestern China is a hot issue in recent years. Xu et al. [35] found that the grassland of Maduo County was seriously degraded in 1994 and the degradation of grassland vegetation was the most serious from 1994 to 2001, and the degraded areas of grassland decreased greatly and the degradation rate eased in the source region of the Yellow River during 2001 to 2006 and 2006 to 2009. Xian et al. [36] found that the degraded areas were mainly concentrated on grassland areas dominated by animal husbandry in headwaters region of Northeastern Sichuan, and the growth areas were concentrated in the plateau areas less affected by human activities. In addition, scholars have found that warming and human activities such as overgrazing were the main causes of grassland degradation [33, 37] . Although more and more studies of RUE have been done in recent years, RUE research is still relatively few in Northwestern China [38] . The grassland in arid and semi-arid regions relies heavily on the use of rain and improving RUE is necessary for securing sustainable development of grassland ecosystems in these areas [39] .
Northwestern China is far away from the sea with less rainfall, and the vegetation type is mainly occupied by grassland [40] . Based on the time series NDVI data and meteorological data, this study aims to explore the temporal and spatial variations of RUE and its response to the vegetation restoration/degradation in Northwestern China. Our findings are expected to have important implications for understanding and predicting ecological impacts on global climate change and for management practices in arid and semiarid ecosystems in Northwestern China and beyond [41] .
Material and Methods

Study Area and Material
The study area is located in Northwestern China with an area of about 4 million km 2 ( Figure 1 ). The terrain in the northwestern region is mainly plateaus, basins, and mountains, including the Tarim River Basin, the Qaidam Basin, the Inner Mongolia Plateau, and the Qilian Mountains [13] . Most of the areas are controlled by arid and semi-arid climates with little rain and strong evaporation, therefore, low vegetation coverage and serious land desertification is a major feature in Northwestern China. The geographical differentiation of the area is significant, and the vertical zonal and horizontal zonal characteristics of vegetation are obvious. Most of the areas are sensitive to climate change in China [42, 43] .
The NDVI dataset at a spatial resolution of 8 km × 8 km and 15-day intervals were derived from GIMMS (Global Inventory Modeling and Mapping Studies group, https://ecocast.arc.nasa. gov/data/pub/gimms/3g.v1/). The GIMMS NDVI 3g.v1 was generated from National Oceanic and Atmospheric Administration's (NOAA's) Advanced Very High-Resolution Radiometer (AVHRR) data, and the spatial resolution was 1/12 • . The dataset spanned from July 1981 to December 2015. It was calibrated for sensor shift, cloud test, and removal of the effects of solar zenith angles and other factors [44] . The annual AVHRR GIMMS NDVI dataset used in this paper was obtained using the maximum value composite (MVC) method [45] .
The land-use and land-cover change (LUCC) data came from the Resource and Environmental Science Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/). The resolution of the national land use/cover data in 2010 was 1km, and the project was converted and cropped (2010 LUCC data). The data included six classifications: cultivated land, woodland, grassland, waters, construction land, and unused land. The grassland was further divided into three classifications: HCG (higher coverage grassland), MCG (middle coverage grassland) and LCG (low coverage grassland) ( Table 1 ). The temperature and precipitation data were derived from 183 meteorological stations in China from 1982 to 2013 provided by the China Meteorological Data Network.
Methodology
The RUE and the ratio of NPP to precipitation could be a critical indicator for evaluating the response of primary productivity to variability of rainfall in arid and semi-arid ecosystems [14, 18] . According to studies, accumulated NDVI is closely related to NPP in arid and semi-arid regions [15, 17, 18, 46, 47] . Therefore, in the study area we used the accumulated NDVI to calculate the RUE instead of the NPP value in the growing season. The growing season starts from April and ends in October according to the monthly mean temperature and precipitation in this study area.
The RUE was calculated as follows (1):
where i refers to the month (from April to October). The MVC method was used to synthesize the monthly NDVI image data, and the average method was used to calculate the NDVI value of each grid in the growing season. The spatial distribution from 1982 to 2013 was calculated by the Kriging interpolation method in ArcGIS.
The linear regression analysis of NDVI and the year was carried out to obtain the linear change trend values of NDVI from pixel to cell to indicate whether the spatial variation characteristics and change trends of vegetation coverage was significant, and then counted the ratio of the pixels of each level to the total number of pixels. The RUE used the same methods.
The trend of change is divided into Equation (2): The temperature and precipitation data were derived from 183 meteorological stations in China from 1982 to 2013 provided by the China Meteorological Data Network.
The trend of change is divided into Equation (2):
where b refers to the trend of change, i.e., slope; b > 0 means increasing trend, b < 0 means decreasing trend; i refers to year; n refers to length of time. The significance test of the slope was performed by t-test [48] .
In order to study the influencing factors of RUE change, the Pearson correlation analysis method was used to analyze the correlation between the RUE and the simultaneous temperature data, and the correlation coefficients were obtained.
The trend of change is divided into Equation (3):
where i refers to year; n refers to length of time; X refers to average RUE value, Y refers to average temperature value; r xy refers to the correlation coefficient between x and y; r xy > 0 means positive correlation, r xy < 0 means negative correlation. The significance test of the slope was performed by t-test. The meteorological stations in Northwestern China are unevenly distributed, with the east and central regions being denser and the regions near the deserts being very sparse. The Kriging interpolation method was used to interpolate the pointed-based rainfall to obtain spatial patterns of rainfall in the study areas following [49] .
Simple linear regression was used in this paper for long-term linear trend test. The simple linear regression method is a parametric t-test method, which consists of two steps, fitting a linear simple regression equation with the time t as independent variable and Y as dependent variable; testing the statistical significance of the slope of the regression equation by the t-test.
A simple but practical way of sensitivity analysis is to calculate and plot the relative changes of an input variable against the resultant relative change of the output variable as a curve (i.e., the sensitivity curve), then the corresponding relative change of the outcome can easily be read from the sensitivity curve for a certain relative change of the variable [50] . This method has been used by many authors. In this study, the variable (i.e., NDVI and meteorological) used the following equation:
where X is the variable. Figure 2 shows the spatial distribution of annual mean RUE for the grasslands in Northwestern China from 1982 to 2013. In most regions, the annual mean RUE for all of the grassland was higher than that of HCG, MCG, and LCG areas. It also can be found that the lower RUE values appeared in the vegetation degradation areas, while the higher RUE values can be found in the vegetation restoration areas (Figure 2a ). For high coverage grassland area, the RUE varied between 0.005 and 0.015, and higher RUE value can be found near the Hulunbeier grasslands and Horqin grasslands (Figure 2b ). However, for RUE in the MCG areas, the RUE value was as high as 0.027 and the higher RUE values were located more on the edge of the Taklimakan Desert where precipitation was rare.
Results
The Changes of RUE for the Grassland in Northwestern China
Moreover, the RUE value was also higher in the Northeastern Inner Mongolia Autonomous Region (Figure 2c) . Compared with the HCG and MCG, the higher RUE value appeared in Xinjiang Province, but lower RUE values could be found in Southwestern Qinghai Province for the LCG areas (Figure 2d ). In order to reveal the long-term changes of RUE for the grassland in Northwestern China from 1982 to 2013, the RUE trends are shown in Figure 3 . As shown in Figure 3a , the RUE for all the grasslands showed obviously increasing trends in the eastern region of Northwestern China, while it decreased in the western areas. The number of pixels with increasing trends of RUE 39.91% of the total number of pixels, of which 9.26% of the pixels increased significantly. However, the number of pixels with decreasing trends of RUE were 39.61% indicating that the grassland RUE trend was decreasing. As for the HCG, the number of pixels with increasing trends was as high as 62.23% of the total number of pixels, of which 17.02% of the pixels increased significantly, while the number of pixels with decreasing trend was 22.87% ( Figure 3b ). It can be found that the percent of pixels with RUE changes for the MCG and LCM grasslands were lower than that of HCG grasslands ( Figure  3c ,d). The percent of pixels with RUE increasing trends were 41.82% and 23.26%, respectively. However, the percent of pixels with decreasing trends was as high as 58.13% for LCG grasslands, which was higher than that of HCG and MCG grassland ( Table 2) . Figure 4 shows the annual mean and linear trends of RUE. The grassland RUE in Northwestern China showed a decreasing trend, and the highest (lowest) RUE value occurred in the year of 1997 (1998). As for the HCG, the RUE showed a significantly increasing trend, and the RUE value varied greatly during the period of 1996-1999 ( Figure 4b ). However, the RUE showed a significantly decreasing trend for the LCG areas (Figure 4d ). In order to reveal the long-term changes of RUE for the grassland in Northwestern China from 1982 to 2013, the RUE trends are shown in Figure 3 . As shown in Figure 3a , the RUE for all the grasslands showed obviously increasing trends in the eastern region of Northwestern China, while it decreased in the western areas. The number of pixels with increasing trends of RUE 39.91% of the total number of pixels, of which 9.26% of the pixels increased significantly. However, the number of pixels with decreasing trends of RUE were 39.61% indicating that the grassland RUE trend was decreasing. As for the HCG, the number of pixels with increasing trends was as high as 62.23% of the total number of pixels, of which 17.02% of the pixels increased significantly, while the number of pixels with decreasing trend was 22.87% ( Figure 3b ). It can be found that the percent of pixels with RUE changes for the MCG and LCM grasslands were lower than that of HCG grasslands (Figure 3c,d ). The percent of pixels with RUE increasing trends were 41.82% and 23.26%, respectively. However, the percent of pixels with decreasing trends was as high as 58.13% for LCG grasslands, which was higher than that of HCG and MCG grassland ( Table 2) . Figure 4 shows the annual mean and linear trends of RUE. The grassland RUE in Northwestern China showed a decreasing trend, and the highest (lowest) RUE value occurred in the year of 1997 (1998). As for the HCG, the RUE showed a significantly increasing trend, and the RUE value varied greatly during the period of 1996-1999 ( Figure 4b ). However, the RUE showed a significantly decreasing trend for the LCG areas (Figure 4d ). 
The Relations between RUE and Vegetation Restoration/Degradation in Northwestern China
The status of LUCC in Northwestern China in the year of 2010 is shown in Figure 5 . This figure clearly shows that the grassland was the main type of land use in Northwestern China and it can be found that the grasslands occupy nearly 40% of the land surface of the Northwestern China. The 
The status of LUCC in Northwestern China in the year of 2010 is shown in Figure 5 . This figure clearly shows that the grassland was the main type of land use in Northwestern China and it can be found that the grasslands occupy nearly 40% of the land surface of the Northwestern China. The grassland was mainly distributed in the central regions of Inner Mongolia Plateau, Ningxia Province, most parts of Gansu Province and Qinghai Province, and the western part of Xinjiang Autonomous Region. Most parts of Xinjiang were deserts, Taklimakan Desert is in the Xinjiang, and the grassland in this area was distributed outside the desert. From this figure, it can also be found that the higher NDVI values were in the northeast and south areas; however, lower NDVI values appeared in the west areas where distributes of large deserts are found ( Figure 6 ). grassland was mainly distributed in the central regions of Inner Mongolia Plateau, Ningxia Province, most parts of Gansu Province and Qinghai Province, and the western part of Xinjiang Autonomous Region. Most parts of Xinjiang were deserts, Taklimakan Desert is in the Xinjiang, and the grassland in this area was distributed outside the desert. From this figure, it can also be found that the higher NDVI values were in the northeast and south areas; however, lower NDVI values appeared in the west areas where distributes of large deserts are found ( Figure 6 ). To reveal the changes in vegetation coverage for the grasslands in Northwestern China, the features of HCG, MCG, and LCG were analyzed in this paper. The grass coverage rate for the HCG, MCG, and LCG was >50%, 20~50%, and 5~20%, respectively (Table 2 ). It can be seen from Table 3 that the LCG areas were obviously bigger than that of the HCG and MCG areas in the study area. Overall, the grassland areas in Northwestern China showed a decreasing trend during the past 30 years and the grassland areas decreased by 25,187 km 2 from 1990 to 2010. In 1990, the grassland area in the northwest region accounted for 39.59% of the total area. By 2010, the grassland area accounted for 38.96% of the total area of the northwest region, and the area decreased by 0.63%. It can also be found that the HCG, MCG, and LCG areas decreased by 9305, 4679, and 11,203 km 2 during the past 30 years, respectively. The HCG decreased from 10.59% to 10.36%, a total of 0.23%; MCG decreased from 12.88% to 12.76%, a total of 0.12%; and LCG decreased the most, a total of 0.28%. Therefore, it can be inferred that the grassland area in Northwestern China has decreased gradually in the past 30 years. A l t a i M t .
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To reveal the changes in vegetation coverage for the grasslands in Northwestern China, the features of HCG, MCG, and LCG were analyzed in this paper. The grass coverage rate for the HCG, MCG, and LCG was >50%, 20~50%, and 5~20%, respectively (Table 2 ). It can be seen from Table 3 that the LCG areas were obviously bigger than that of the HCG and MCG areas in the study area. Overall, the grassland areas in Northwestern China showed a decreasing trend during the past 30 years and the grassland areas decreased by 25,187 km 2 from 1990 to 2010. In 1990, the grassland area in the northwest region accounted for 39.59% of the total area. By 2010, the grassland area accounted for 38.96% of the total area of the northwest region, and the area decreased by 0.63%. It can also be found that the HCG, MCG, and LCG areas decreased by 9305, 4679, and 11,203 km 2 during the past 30 years, respectively. The HCG decreased from 10.59% to 10.36%, a total of 0.23%; MCG decreased from 12.88% to 12.76%, a total of 0.12%; and LCG decreased the most, a total of 0.28%. Therefore, it can be inferred that the grassland area in Northwestern China has decreased gradually in the past 30 years. The annual mean NDVI for the grasslands from 1982 to 2013 is shown in Figure 6 . It can be found that higher NDVI values appeared in the Hulunbeier grassland, Yili grassland, and lower NDVI values can be found on the edge of the Tarim Basin and Qaidam Basin. In most regions, the NDVI value varied between 0.1 and 0.5 and the NDVI value was as high as 0.73 in the Yili Valley grasslands (Figure 6a) .
The HCG was distributed in the Hulun Buir grasslands, the Horqin grasslands, the Ulanchabu grasslands, the grasslands in the Yili Valley, and the Kalamali Mountains grasslands in the Altay Region and the Qilian Mountain grasslands. For the HCG grassland areas, higher NDVI values were mainly distributed in the Hulun Buir grasslands and the Horqin grasslands (Figure 6c ). Higher NDVI values appeared in the Qilian Mountain grasslands, Yushu grasslands, and the Gannan grassland area in the MCG grassland area (Figure 6e) . However, the NDVI value varied greatly in most southern parts of Gansu Province and Qinghai Province (Figure 6g ). As can be seen from Figure 6b , compared to 1982, the grassland in the northwestern region was gradually increasing, and three types of grasslands also showed increasing trends (Figure 6d,f,h ). (Figure 6e) . However, the NDVI value varied greatly in most southern parts of Gansu Province and Qinghai Province (Figure 6g ). As can be seen from Figure 6b , compared to 1982, the grassland in the northwestern region was gradually increasing, and three types of grasslands also showed increasing trends (Figure 6d,f,h ). In this study, we defined the change trend of NDVI r > 0.1 as restoration, r > 0.34 as significant restoration; r < −0.1 as degradation, and r < −0.34 as significant deterioration. Figure 7 shows that the long-term trends of grassland restoration/degradation during the period from 1982-2013. It can be found that the NDVI exhibits obvious increasing trends for the whole Northwestern China during this period, especially in the areas for the Ningxia Province, Tianshan and Altai Mountains areas. The results indicated that the vegetation restoration appeared in most of Northwestern China during the past 30 years. According to the statistical analysis of pixels, the number of pixels with NDVI increasing was 59.1% of the total number of pixels, of which 29.73% was significantly, and the proportion was 18% for the pixels with decreasing trends, and of which 4.12% decreased significantly for the high-coverage grassland (Figure 7b ). Similar results can be found in MCG, LCG, and all the grassland types (Figure 7c,d) . However, it was clearly observed that the vegetation degraded seriously in the low-coverage grasslands. For example, the pixels of NDVI with decreasing trends in the whole region were as high as 33.38% of the total number of pixels, of which 20.5% of the pixels showed significant decreasing trends for the low coverage grassland (Table 4) . Moreover, the vegetation degraded areas for the LCG appeared more around the Taklimakan desert which indicated that the grassland degraded seriously in the western fragile ecology region.
From Figure 7 , it can be found that the NDVI increased obviously during the periods 1982-1998 and 2009-2013 for the HCG, MCG, LCG, and all the grasslands, while the NDVI decreased in the 2000s. However, the changes of annual mean NDVI for all the types of grasslands in Northwestern China showed significantly increasing trends during this period. Although the NDVI in some areas showed decreasing trends during the past 30 years, especially for the low coverage grassland which indicates that overall the vegetation restored significantly for the grassland. In this study, we defined the change trend of NDVI r > 0.1 as restoration, r > 0.34 as significant restoration; r < −0.1 as degradation, and r < −0.34 as significant deterioration. Figure 7 shows that the long-term trends of grassland restoration/degradation during the period from 1982-2013. It can be found that the NDVI exhibits obvious increasing trends for the whole Northwestern China during this period, especially in the areas for the Ningxia Province, Tianshan and Altai Mountains areas. The results indicated that the vegetation restoration appeared in most of Northwestern China during the past 30 years. According to the statistical analysis of pixels, the number of pixels with NDVI increasing was 59.1% of the total number of pixels, of which 29.73% was significantly, and the proportion was 18% for the pixels with decreasing trends, and of which 4.12% decreased significantly for the high-coverage grassland (Figure 7b ). Similar results can be found in MCG, LCG, and all the grassland types (Figure 7c,d) . However, it was clearly observed that the vegetation degraded seriously in the low-coverage grasslands. For example, the pixels of NDVI with decreasing trends in the whole region were as high as 33.38% of the total number of pixels, of which 20.5% of the pixels showed significant decreasing trends for the low coverage grassland (Table 4) . Moreover, the vegetation degraded areas for the LCG appeared more around the Taklimakan desert which indicated that the grassland degraded seriously in the western fragile ecology region.
From Figure 7 , it can be found that the NDVI increased obviously during the periods 1982-1998 and 2009-2013 for the HCG, MCG, LCG, and all the grasslands, while the NDVI decreased in the 2000s. However, the changes of annual mean NDVI for all the types of grasslands in Northwestern China showed significantly increasing trends during this period. Although the NDVI in some areas showed decreasing trends during the past 30 years, especially for the low coverage grassland which indicates that overall the vegetation restored significantly for the grassland. In this study, we defined the change trend of NDVI r > 0.1 as restoration, r > 0.34 as significant restoration; r < −0.1 as degradation, and r < −0.34 as significant deterioration. Figure 7 shows that the long-term trends of grassland restoration/degradation during the period from 1982-2013. It can be found that the NDVI exhibits obvious increasing trends for the whole Northwestern China during this period, especially in the areas for the Ningxia Province, Tianshan and Altai Mountains areas. The results indicated that the vegetation restoration appeared in most of Northwestern China during the past 30 years. According to the statistical analysis of pixels, the number of pixels with NDVI increasing was 59.1% of the total number of pixels, of which 29.73% was significantly, and the proportion was 18% for the pixels with decreasing trends, and of which 4.12% decreased significantly for the high-coverage grassland (Figure 7b) . Similar results can be found in MCG, LCG, and all the grassland types (Figure 7c,d) . However, it was clearly observed that the vegetation degraded seriously in the low-coverage grasslands. For example, the pixels of NDVI with decreasing trends in the whole region were as high as 33.38% of the total number of pixels, of which 20.5% of the pixels showed significant decreasing trends for the low coverage grassland (Table 4) . Moreover, the vegetation degraded areas for the LCG appeared more around the Taklimakan desert which indicated that the grassland degraded seriously in the western fragile ecology region.
From Figure 7 , it can be found that the NDVI increased obviously during the periods 1982-1998 and 2009-2013 for the HCG, MCG, LCG, and all the grasslands, while the NDVI decreased in the 2000s. However, the changes of annual mean NDVI for all the types of grasslands in Northwestern China showed significantly increasing trends during this period. Although the NDVI in some areas showed decreasing trends during the past 30 years, especially for the low coverage grassland which indicates that overall the vegetation restored significantly for the grassland. 
The Relations between RUE and Climate Change in Northwestern China
The impact of climate change on vegetation water use efficiency is very important for water resources management. Figure 8a shows the spatial distribution of mean annual precipitation for the vegetation growing season in Northwestern China. More than 300 mm of precipitation appeared in the eastern and southeastern regions, and less than 100 mm of precipitation distributed in the northwestern region where the desert occupied most of the area. The precipitation showed an increasing trend in the southwestern region, and the precipitation increased significantly in the Tianshan Mountains, Yinshan Mountains, and the Qinghai Province. The decreasing trends for precipitation appeared in the Greater Khingan Mountains, the Tarim Basin, and the Altai Mountains (Figure 8b ). Figure 8c shows the distribution of the annual mean temperature. It can be found that the highest temperature appeared in the Taklamakan Desert region where the temperature was as high as 25 °C. The higher temperature (above 15 °C) was mainly located in the source region of the Yellow River, the Qilian Mountains, and the Kunlun Mountains. However, the lower temperatures were found in Qinghai Province. Moreover, it was found that the temperatures showed significant increasing trends in the whole of Northwestern China from 1982 to 2013 (Figure 8d ). 
The impact of climate change on vegetation water use efficiency is very important for water resources management. Figure 8a shows the spatial distribution of mean annual precipitation for the vegetation growing season in Northwestern China. More than 300 mm of precipitation appeared in the eastern and southeastern regions, and less than 100 mm of precipitation distributed in the northwestern region where the desert occupied most of the area. The precipitation showed an increasing trend in the southwestern region, and the precipitation increased significantly in the Tianshan Mountains, Yinshan Mountains, and the Qinghai Province. The decreasing trends for precipitation appeared in the Greater Khingan Mountains, the Tarim Basin, and the Altai Mountains (Figure 8b ). Figure 8c shows the distribution of the annual mean temperature. It can be found that the highest temperature appeared in the Taklamakan Desert region where the temperature was as high as 25 • C. The higher temperature (above 15 • C) was mainly located in the source region of the Yellow River, the Qilian Mountains, and the Kunlun Mountains. However, the lower temperatures were found in Qinghai Province. Moreover, it was found that the temperatures showed significant increasing trends in the whole of Northwestern China from 1982 to 2013 (Figure 8d) . Figure 10 shows the correlations between RUE and temperature for the grasslands. The results showed that there was good relationship between the RUE and temperature for the grasslands. For example, the RUE for all the grasslands increased obviously with the increasing temperature, and the increasing rate for the RUE sped up when the temperature was higher than 15°C (Figure 10a ). Similar results can be found with the MCG and LCG grassland (Figure 10c,d) . It also can be found that the RUE and temperature for the HCG grasslands had a good linear relationship (Figure 10b Figure 10 shows the correlations between RUE and temperature for the grasslands. The results showed that there was good relationship between the RUE and temperature for the grasslands. For example, the RUE for all the grasslands increased obviously with the increasing temperature, and the increasing rate for the RUE sped up when the temperature was higher than 15 • C (Figure 10a ). Similar results can be found with the MCG and LCG grassland (Figure 10c,d) . It also can be found that the RUE and temperature for the HCG grasslands had a good linear relationship (Figure 10b Figure 10 shows the correlations between RUE and temperature for the grasslands. The results showed that there was good relationship between the RUE and temperature for the grasslands. For example, the RUE for all the grasslands increased obviously with the increasing temperature, and the increasing rate for the RUE sped up when the temperature was higher than 15°C (Figure 10a ). Similar results can be found with the MCG and LCG grassland (Figure 10c,d) . It also can be found that the RUE and temperature for the HCG grasslands had a good linear relationship (Figure 10b The sensitivity of RUE with the NDVI and precipitation changes were analyzed and the results are shown in Figure 11 . The RUE was more sensitive to the changes of precipitation. It was found that the RUE was negatively correlated with the precipitation while it was positively correlated with the NDVI changes. Thus, it can be concluded that RUE might change with the vegetation restoration/degradation in Northwestern China. Moreover, the RUE showed obvious increasing trends in the vegetation restoration areas, while the decreasing trends for the RUE can be found in the vegetation degradation areas as a whole. However, unlike the above relations between the RUE and vegetation restoration/degradation, the RUE in the Tianshan Mountains and Western Qinghai decreased over the past 30 years, while the vegetation had obvious restored trends. The RUE in the Horqin Grasslands and Xilin Gol Grasslands had increasing trends with the vegetation had degrading trends. 
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Grassland restoration and degradation is a hot issue in arid and semi-arid areas. In our studies, we found that the vegetation restoration might have happened along with the land degradation in Northwestern China. The results are in accord with previous studies. For example, Yang [39] studied the NDVI of natural grasslands in Qinghai Province and found that the increasing and decreasing regions of NDVI in Qinghai Province coexisted, and the increase was much larger than the decrease from 1982 to 2003. Vicente-Serrano et al. [51] showed that many natural and man-made factors can also have an impact on land degradation in semi-arid regions of the world using long time-series of remote sensing images and the NDVI for the period 1981 to 2011. Kouba et al. [52] investigated the influence of increasing anthropogenic pressure on land degradation in highly vulnerable semi-arid environments in the Mediterranean region. The changing trends of NDVI for the HCG, MCG, and LCG in Northwestern China were also similar to previous studies. For example, Cao et al. [53] found that the grassland degradation in northern Tibet was still relatively serious from 2000 to 2010. The area of degraded grassland accounts for 58.2% of the whole area, and the proportion of heavily degraded and heavily degraded grassland areas were 19.0% and 6.5% by 2010, respectively. Liu et al. [54] reported that the areas of high and medium vegetation coverage showed an increasing trend, while the area of low vegetation coverage areas showed a decreasing trend in Qinghai Province from 2002 to 2015. Zhang et al. [55] In many areas, temperature and precipitation are generally considered to be the two major environmental variables that produce vegetation and NDVI spatial gradients [56] . As many studies have shown, the warmth of the growing season is the dominant factor in plant species composition and vegetation production between high latitudes [57] [58] [59] . The quantification of NDVI's integrated spatial and temporal environmental drivers expands our understanding of landscape level changes in vegetation assessed by remote sensing [60] . Previous studies suggested that for arid and semi-arid areas, increasing pre-season temperature could reduce water availability by increasing evaporation, thereby delaying the season onset [61] . Changes in vegetation productivity are mainly determined by climate change [62, 63] . Bobkov et al. [64] reported that there was a statistically positive correlation between NDVI and spring and autumn temperatures of various vegetation types in the experimental area. Coniferous forests, that is, pine forests on poor soils, have the weakest correlation, and grassland and marsh are the most relevant. Some scholars have studied the NDVI of the Southwestern Romania forest ecosystem, pointing out that the annual average temperature and precipitation fluctuations directly affect the ecological quality of forest ecosystems [65] . The RUE is a useful indicator to reveal the dynamic response of precipitation to the change of vegetation in arid and semi-arid regions. In previous studies, Yan et al. [66] found that RUE is positively influenced by climate warming, but negatively affected by biofuel harvest in tall grass prairies of the Great Plains. These findings highlight the important roles of plant community structure and temporal distribution of precipitation in regulating ecosystem RUE. Mu et al. [67] reported that the inter-annual fluctuation of the RUE was negatively correlated with the annual precipitation in the arid areas, while it was strongly correlated with the annual temperature in Northwestern China from 2001 to 2010. Moreover, some research also discussed the response of RUE to the vegetation restoration/degradation and climate change. For example, Zhang et al. [22] found that RUE was in good relations to vegetation degradation, the more severe the degradation of vegetation, the lower the RUE and the improvement of vegetation restoration, and the RUE showed increasing trends in the Loess Plateau from 2000 to 2014. Holm et al. [18] used the NOAA satellite data to compare simulated estimates with total plant mass estimated by remote sensing and RUE, he thought that the dynamic changes in RUE can provide measurements of ecological degradation/recovery on a spatial scale. While Du et al. [68] reported that the RUE was opposite to the change of annual mean precipitation and they thought that the rapid increase or decrease of precipitation may cause pseudo-ecological restoration/degradation in a given ecosystem. The results were in accord with our research. Gamoun [25] thought that understanding how rainfall affects ranching productivity is crucial to predicting the effects of land degradation on the functioning of these ecosystems on desert pastures in Tunisia. Mclendon et al. [69] revealed that vegetation preferentially used precipitation-derived soil moisture, even with abundant groundwater. Kundu et al. [29] used RUE to monitor vegetation degradation, and substantially, the process of desertification in western Rajasthan. These results are also in accord with ours. Therefore, the RUE can be considered as a useful tool for assessing s of semi-arid rangeland vegetation [70, 71] .
However, there are different points of view. In general, RUE tends to decrease with increasing aridity and potential evapotranspiration, both of which are closely related to ecosystem-level water balance. Some previous studies also showed that drier sites tend to have lower and less variable RUE because of low plant density, low production potential, high evaporation potential, and high tolerance to water stress [72] . In contrast to our results, warming has been reported to decrease grassland RUE as a result of reduced plant production [73] . These observations are reasonable because the differences in plant species composition, soil texture, and water retention capacity of different grasslands affect the production of grassland under climate warming. For example, Shen [74] pointed out that the redistribution of precipitation caused by topographic factors may be one of the reasons for the high RUE of vegetation in the Taklamakan Desert. Jobbagy et al. [75] thought that the RUE of the ecosystem might be higher due to the developed root system of the plant and the higher production per unit of water consumed in the arid region. Meanwhile, some research revealed that RUE may be affected by the species composition of the community. Because they thought that there were certain C 4 super xerophytes in extremely arid regions where C 4 plants had lower transpiration rates and higher photosynthetic rates in arid environments, therefore, the RUE may also be higher [67, 76] . In our study, the Taklimakan Desert is surrounded by Tianshan Mountains and the Kunlun Mountains, and the supply of ice and snow melting water makes the grassland vegetation on the edge of the desert grow well and had higher RUE value.
Conclusions
In this paper, the spatial and temporal changes of RUE and its response to the vegetation restoration/degradation in Northwestern China from 1982 to 2013 were analyzed by using the satellite-based NDVI and in situ meteorological data. The main conclusions drawn from this study are summarized as follows:
(1) Although the grassland areas have decreased gradually in Northwestern China during the past 30 years, the NDVI showed that the vegetation had obvious restoration as a whole in most grasslands. The grassland areas in Northwestern China has decreased by 25,187 km 2 from 1990 to 2010, and the proportion of the vegetation restoration was as high as 56.87%, of which 30.92% was significant. (2) The trends of RUE for all the grasslands showed increases in the east of Northwestern China and decreases in the west of Northwestern China. However, the RUE for the high-coverage grasslands showed a significant increasing trend and the RUE for the low-coverage grasslands showed significant decreasing trends over the past 30 years. (3) There were good relationships between the RUE, vegetation restoration/degradation, and climate change (reflected by changes in air temperature and precipitation) in Northwestern China. The RUE for the grasslands was positively correlated with air temperature, while it was negatively corrected with the change of mean annual precipitation. Moreover, the RUE was more sensitive to the changes in precipitation and vegetation restoration/degradation. The obvious RUE increasing trends can be found in the vegetation restoration areas, while the RUE decreasing trends appeared in the vegetation degradation areas as a whole.
Water shortage in arid/semi-arid regions is becoming more serious due to various factors under global warming. The vegetation degradation and deteriorative land cover conversions might be facing more challenges with the temperature increasing. Our findings could contribute to the mechanical understanding of carbon and hydrological circulations in dry land ecosystems and offer evidence to future RUE research development and improvement.
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